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All possible dissociation cross sections for the loosely bound three-body halo nuclei 6He (n+n+α)
and 11Li (n+n+9Li) are computed as functions of target and beam energy. Both Coulomb and
nuclear interactions are included in the same theoretical framework. The measurements agree with
the calculations for energies above 100 Mev/nucleon. The largest cross sections correspond to final
states with zero or three particles for heavy and with two neutrons for light targets.
PACS number(s): 25.60.-t, 25.10.+s, 21.45.+v
Introduction. Halo nuclei are spatially extended
bound systems [1–4]. Their existence is revealed by large
total interaction cross sections [3,5]. The often small
one or two-nucleon separation energies led to a success-
ful description in terms of two or three-body structures
[6]. This in turn emphasizes the importance of reactions
breaking these halo structures into their constituent par-
ticles. We shall here concentrate on two-neutron halos
where the three-body problem is then inherent. Abso-
lute values for dissociation cross sections of these systems
are available in a number of cases [7–13]. They may be
divided into processes like one or two neutron knockout
arising from Coulomb or nuclear dissociation. Also core
destruction processes were studied [14] and the total in-
teraction cross section obtained [3].
Theoretical investigations of two-neutron dissociation
cross sections are available on light [15–17] as well as
heavy [5,18,19] targets, but core destruction processes are
usually not computed at all. Total interaction cross sec-
tions for light targets are also calculated for three-body
halos [15,20]. However, systematic studies of all these
processes within one consistent model are not available.
Such results even for relative quantities are rather scarce
[17]. Reliable nuclear model estimates of absolute values
are in general very difficult. In particular the necessary
simultaneous treatment of the Coulomb and nuclear in-
teractions has not been available for these three-body
halo reactions.
The lack of systematic experimental and theoretical
information about the many different absolute dissocia-
tion cross sections is perhaps surprising, but in any case
unfortunate, since characteristic features of the reaction
mechanism probably can be uncovered by such investiga-
tions. The purpose of this letter is then to study all possi-
ble three-body dissociation cross sections of two-neutron
halo nuclei as functions of target and beam energy. The
predictions employ a consistent three-body model and an
appropriate reaction framework including simultaneous
treatment of Coulomb and nuclear interactions.
Theoretical formulation. We shall here only give a
brief sketch of the model leaving the details for a more
comprehensive publication. We want to describe colli-
sions of a target and a weakly bound two-neutron halo
nucleus and classify the cross sections according to the
particles left in the final state, i.e. σnnc, σnc, σnn, σc, σn,
σ0, where c and n denote core and neutron, respectively
and 0 indicates that all particles are absorbed.
The collisions can approximately be described by three
independent collisions of one particle (participant) at a
time and undisturbed motion of the remaining two pro-
jectiles particles (spectators) [17]. The interconnected
main assumptions are that the halo is weakly bound,
spatially extended and the intrinsic halo motion is slow
compared to the relative projectile-target motion.
In this simple picture the spectators are always found
in the final state while the participant can be either ab-
sorbed or scattered by the target. However the finite
extension of the projectile constituents and the target is
destroying this simple picture, since simultaneous colli-
sions of more than one projectile constituent with the
target are possible.
The simplest description of the constituent-target in-
teraction can be made through the black sphere model.
This model assumes that a particle is absorbed when
passing inside a cylinder with the axis along the beam di-
rection and left untouched otherwise. The radius of this
cylinder is approximately equal to the sum of the tar-
get and constituent radii. Different contributions to the
cross section have to be considered, i) three contributions
where only one of the constituents is inside the cylinder
(one participant and two spectators). In this case the
interaction between the participant and the target is de-
scribed by the phenomenological optical model, and only
the part of the three-body wave function where the two
spectators are far enough from the participant is included
[17]. ii) Three contributions where two constituents are
inside the cylinders. In this case, the interaction between
one of them (participant) and the target is described by
the optical model, while for the second constituent-target
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interaction we use the black sphere model. To implement
this we include only the part of the wave function where
the second constituent is close to the participant and the
third one is far enough away. iii) One contribution where
the three constituents are inside the cylinders. Again
the interaction of one of the constituents (participant)
with the target is described by the optical model, and
for the other two we use the black sphere model (only
the part of the wave function where the three particles
are close enough is included). It is then clear that the
distances between the participant and the other two con-
stituents appear as the decisive quantities determining if
more than one particle interacts simultaneously with the
target. These distances depend on the sizes of the con-
stituents and the target and they are determined as in
[17].
In the contributions to ii) and iii) the participant has
to be chosen, and the participant-target interaction is
described by the optical model. Since the core-target in-
teraction contains nuclear and Coulomb forces a more
careful treatment is required in this case. Therefore the
contributions arising from simultaneous interactions of
the core and one or two neutrons with the target are com-
puted with the core as participant and the core-target
interaction described by the optical model.
The division into different contributions implicitly as-
sumes that for large impact parameters the constituent
and the target are not interacting. Obviously this is not
true for the long-range Coulomb interaction. To solve
this problem, when the core is the participant, we in-
clude into the contributions i), ii) and iii) only the large
momentum transfer part (low impact parameter) of the
Coulomb interaction. The low momentum transfer con-
tribution (large impact parameter) is considered as a pro-
cess where the core is elastically scattered by the target
(via Coulomb interaction) and the two neutrons survive
untouched in the final state. The value of the momentum
transfer dividing into low and large impact parameters is
given by [21] qg = Z0Zie
2(γ+1)/(cγβ(R0+Ri+pia/2)).
Here R0 and Ri are charge root mean square radii of
the target and the core participant (9Li or 4He) and a
is half the distance of closest core-target approach, eZ0
and eZi are the charges of the target and participant,
β = v/c and γ = 1/
√
1− β2. The momentum cutoff pa-
rameter qg separates between impact parameters smaller
and larger than the sum of participant and target radii.
In the present context this means distinction between
absorption (destruction) and survival of the participant.
The differential cross sections arising from participant
i with mass mi and charge eZi has contributions from
elastic scattering σ
(0i)
el (diffraction) and absorption σ
(0i)
abs
(stripping) on the target. For a spinless target of mass
m0 and charge eZ0 we get in the rest system of the halo
d6σ
(i)
abs(p
′
0i,jk,p
′
jk)
dp′0i,jkdp
′
jk
= σ
(0i)
abs (p0i) |Ms(pi,jk,p
′
jk)|
2 , (1)
where Ms is the normalized overlap matrix element be-
tween initial and final state spectator wave functions,
p
′
0i,jk is the relative momentum in the final state between
center of mass of target-participant and the spectators j
and k, while p′jk, p0i and pi,jk correspondingly are rela-
tive momenta between particles j and k, 0 and i, i and
center of mass of j and k. Primes denote final states.
Momentum conservation in the rest frame of the projec-
tile gives the relation p′0i,jk = pi,jk+p0(mj+mk)/(m0+
mi+mj+mk), where p0 is the momentum of the target.
The differential elastic cross section is
d9σ
(i)
el (p
′
0i,jk,p
′
jk,p
′
0i)
dp′0i,jkdp
′
jkdp
′
0i
=
d3σ
(0i)
el (p0i → p
′
0i)
dp′0i
×
(
1− |〈Ψ| exp(iδq · ri,jk)|Ψ〉|
2
)
|Ms(pi,jk,p
′
jk)|
2 , (2)
where Ψ is the initial three-body halo state. We have
now a 9-dimensional differential cross section, since the
participant explicitly is included in the final state. The
momentum δq = (p′i,jk−pi,jk)(mj+mk)/(mi+mj+mk)
is the transfer into the participant-spectators relative mo-
tion described by the coordinate ri,jk. The second factor
in eq.(2) then expresses the probability for the halo not
ending up in its ground state. In this way we remove
elastic scattering of the halo as a whole.
When the participant is charged the Coulomb inter-
action produces a logarithmic divergence in the total
cross section Eq.(2). The corresponding adiabatic mo-
tion related to virtual excitations at large impact pa-
rameters should be removed from the dissociation cross
sections [21]. We therefore exclude contributions from
momentum transfer smaller than the adiabatic cutoff
qa = h¯Z0Zie
2/(pih¯c) Bps/(h¯c) (γ +1)γ
−2β−2, where Bps
is the binding energy between participant and the system
consisting of the spectators, i.e., Bps = B − B2s, where
B is the three-body binding energy and B2s is the two–
body binding energy of the two spectators. Note that in
a Borromean nucleus B2s is negative.
The energy transferred from target to participant,
δE ≡
√
p
2
0 +m
2
0 −
√
p
′
0
2 +m20, must be larger than B.
When p0 and q ≡ p0 − p0
′ are parallel δE is max-
imized. For this geometry we find for small B com-
pared to the target rest mass that δE = B implies that
qc ≡ qLc ≈ B
√
1 +m20c
2/p20 which reduces to B/v in
the non-relativistic limit. Thus q must be larger than qL
to produce dissociation, but on the other hand dissocia-
tion is not the necessary outcome for all q > qL. In the
computations we exclude contributions from momentum
transfer q smaller than the largest of qL and qa.
Cross sections. The model is now completely defined
with both Coulomb and nuclear interactions included for
weakly bound three-body halo reactions. We shall study
breakup reactions of 6He and 11Li on C, Cu, and Pb tar-
gets. The parameters corresponding to the 6He and 11Li
wave functions are obtained from [17,19]. The optical
model parameters are from [22] for neutrons, from [23] for
α-particles and for 9Li also from [23] but using range and
2
diffuseness parameters from [24]. We furthermore dras-
tically reduce the energy dependence of the real part of
the potential in [23], i.e. a2 = −0.014, to allow for the re-
quired huge beam energy variation. The measured core-
target interaction cross sections are reproduced within
error bars [9]. The binding energy Bps between the
9Li
and 4He cores and the two neutrons must be introduced
for the adiabatic cutoff. We use the scaling relation in
[25] to obtain Bps/B ≈ 3 for
6He and 1.4 for 11Li.
The corresponding contributions to the dissociation
cross sections are obtained as indicated in i), ii) and
iii) by integration of Eqs.(1) and (2). The cross sections
are then classified according to the particles left in the
final state, i.e. σnnc, σnc, σnn, σc, σn, and σ0. Spe-
cific interesting cross section combinations are those of
two-neutron removal σ−2n ≡ σnnc + σnc + σc, core de-
struction σ−c ≡ σnn + σn + σ0 and the sum of these, the
total interaction cross section σI ≡ σ−2n + σ−c.
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FIG. 1. Dissociation cross sections as function of beam en-
ergy for fragmentation of 11Li (upper part) and 6He (lower
part) on a Pb-target. The labels indicate the halo particles
in the final state. The inset shows σ
−2n = σc + σnc + σnnc,
σ
−c = σ0 + σn + σnn, σI = σ−2n + σ−c. The experimental
data are from [8,9,11,13].
In fig. 1 we show the results for a lead target and 11Li
(upper part) and 6He (lower part) projectiles. At low
beam energies σnnc is the dominant cross section, espe-
cially in the 11Li case. This is due to the large Coulomb
interaction, that highly increases the large impact param-
eter contribution (where the two neutrons both survive
100 300 500 700 900
Beam Energy (MeV/nucleon)
0
0.2
0.4
σ
 
(b)
σ0
σn
σnn
σc
σnc
σnnc
100 500 900
0
0.5
1
σI
σ
−c
σ
−2n
0
0.2
0.4
0.6
σ
 
(b)
σ0
σn
σnn
σc
σnc
σnnc
100 500 900
0
1
σI
σ
−c
σ
−2n
11Li on C
6He on C
FIG. 2. The same as Fig.1 for a C-target. The experimen-
tal data are from [7,9,11,13,15].
in the final state). The σnnc cross section rapidly de-
creases with the beam energy, and for energies larger than
200 MeV/nucleon in the 11Li case and 100 MeV/nucleon
in the 6He case σ0 dominates (no particles in the final
state). The reason for this is the large radius of the Pb-
target, resulting in a very high probability for finding
all the three projectile constituents inside the absorption
cylinders. This probability is higher for 6He projectile
than for 11Li, because from the three-body wave func-
tion we get 〈r2cn〉
1/2 = 4.2 fm in the first case and 5.9 fm
in the second (rcn = neutron-core distance). As a conse-
quence, when the core is the participant, 85% of the 6He
wave function corresponds to all three constituents inside
the cylinders and only 65% for the 11Li projectile. This is
reflected in the figure by the fact that σ0 takes very sim-
ilar values in both cases, while as a general rule the cross
sections for 11Li should be larger than the ones for 6He.
The core destruction cross section σ−c = σ0+σn+σnn is
shown in the insets by the short-dashed line. Its behav-
ior is determined by the core–Pb absorption cross section,
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and changes very little with the beam energy. The two-
neutron removal cross section σ−2n = σnnc + σnc + σc
is shown as the long-dashed lines in the insets, and it is
given by all the processes where the core survives and
contains therefore the contribution from the Coulomb
interaction. Therefore this cross section decreases with
beam energy. Finally the solid lines in the insets show
the
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FIG. 3. The same as Fig.1 for a Cu-target. The experi-
mental data are from [8].
interaction cross section σI = σ−2n+σ−c. The agreement
with the experimental data is remarkably good.
In fig. 2 we show the results for a light target (carbon)
where the cross sections are up to a factor of 10 smaller
than for a lead target. The main difference is that the
effect produced by the Coulomb interaction is now small,
and for example σ−2n is determined by Coulomb for Pb
and by nuclear interactions for C targets. The domi-
nating cross section is now σnn for C instead of σnnc or
σ0 for Pb targets. The reason is that the small radius
of the target diminishes the probability of simultaneous
interaction of more than one constituent with the tar-
get, and absorption of the core together with two truly
undisturbed spectator neutrons becomes the most likely
process. The variation with beam energy is in general
rather similar to that of Pb, in particular revealed by
σ−c, σ−2n and σI shown in the insets. Also in this case
we obtain good agreement with the experimental data.
In fig. 3 we show the results for a copper target, i.e.
an intermediate mass with comparable Coulomb and nu-
clear contributions. The cross sections are between those
obtained for carbon and lead with similar energy depen-
dences. However, 11Li has a larger radius than 6He. Thus
the dominating cross section for 11Li is σnn as for carbon,
while σ0 dominates for
6He as for a lead target.
Only a few of the computed cross sections are ex-
perimentally available. In [13] experimental data for
σnnc, σnc and σc are given for
6He on C and Pb at 240
MeV/nucleon. In [11] the experimental data for the same
cross sections are given for 11Li fragmentation on C and
Pb at 280 MeV/nucleon. Also in [16] σnnc, σnc and σc
are calculated for 11Li and 6He on C by use of the eikonal
theory. In table I we compare the results of our calcu-
lation with the ones given in [16] and the experimental
data in [11,13]. For carbon target the agreement with
the experimental data and previous calculations is good.
The only significant deviation is in σnc for the case of
lead target, where our calculation gives a cross section at
least a factor of two smaller than the experimental value.
6He (240 MeV/nucleon) 11Li (280 MeV/nucleon)
Target σnnc σnc σc σnnc σnc σc
Exp. [11,13] 30± 5 127± 14 33± 23 60± 20 170± 20 50± 10
C This work 43 93 37 64 142 22
Ref. [16] 32 136 17 6–10 121–162 27–40
Pb Exp. [11,13] 650± 110 320± 90 180± 100 1000± 350 1000 ± 350 ≤ 70
This work 940 96 113 1476 338 116
TABLE I. Computed values of σnnc, σnc and σc for
6He on C and Pb at 240 MeV/nucleon and for 11Li on C and Pb at 280
MeV/nucleon. For comparison we give the results reported in [16]. Experimental data from [11,13].
The core destruction processes entering in σ−c all
must take place at small impact parameters. The
Coulomb contributions are therefore relatively unimpor-
tant in contrast to the large impact parameter processes
where purely Coulomb dissociation reactions take place.
Coulomb dissociation cross sections have been previously
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estimated in models where the three–body system is
treated as an effective two–body (dineutron plus core).
For 11Li on lead at 800 MeV/nucleon we get 765 mb,
while in [25] they obtain 960 mb, and in [26] they report
values ranging from 610 to 660 mb. For 11Li on Cu at
800 MeV/nucleon we obtain a Coulomb dissociation cross
section of 81 mb, while in [26] they give values from 86
to 92 mb. Calculations where the final continuum three–
body wave function is considered are also available [19].
For 11Li on Pb at 180, 280, and 800 MeV/nucleon they
get 2128 mb, 1429 mb and 971 mb, respectively, while our
calculations for the same energies give 2050 mb, 1401 mb
and 765 mb. These rather few previous computations
where a comparison is possible are in general in rough
agreement with our systematic results.
Conclusion. We have computed all possible three-
body dissociation cross sections of two-neutron halos as
function of beam energy and target. Coulomb and nu-
clear interactions are treated within the same framework.
The available experimental information, mostly about to-
tal interaction and two-neutron separation cross sections,
compares rather well with the calculated results, espe-
cially at high energies. At low energies the three–body
continuum final state might turn out to be more appro-
priate. The further division into a specific number of
particles in the final states carries detailed information
about the reaction mechanism. We predict the absolute
sizes of all these cross sections to encourage new mea-
surements.
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